et al.. Electronic and vibrational spectra of protonated benzaldehyde-water clusters, [BZ-(H2O)n≤5]H+: evidence for ground-state proton transfer to solvent for n ≥ 3
I. INTRODUCTION
In the past decade, the spectroscopic characterization of the structure, dynamics, vibrational, and electronic properties of isolated and microsolvated protonated and aromatic molecules (AH + )hasde velopedintoanacti veresearcharea. AH + ions occur as short-lived intermediates in chemical reaction mechanisms, combustion, hydrocarbon plasmas, and biochemical processes. 1 Moreover, protonated polycyclic aromatic hydrocarbon molecules and their derivatives are considered as possible carriers of the so-called unidentified infrared emission (UIR) and diffuse interstellar bands (DIB) observed in different interstellar media. [2] [3] [4] Recent developments in the efficient generation of cold AH + ions in the gas phase and sensitive resonant vibrational and electronic photodissociation techniques enabled their spectroscopic characterization in the ground and eleca) Author to whom correspondence should be addressed. Electronic mail: dopfer@physik.tu-berlin. de . Fax: (+49) 30-31423018. tronically excited states. The major strategies for preparing cold AH + ions for spectroscopic interrogation are electrospray ionization (ESI) or chemical ionization in electron impact or discharge ion sources coupled with cryogenic ion traps or supersonic expansions. [3] [4] [5] [6] [7] [8] [9] [10] [11] Recently, IR and electronic spectra of cold AH + ions have been obtained in cryogenic H 2 and Ne matrices, respectively. 12 Hydration of AH + has a profound impact on their structure and dynamics, as well as their chemical reactivity. Thus, microhydrated clusters of AH + are suitable model systems to study solute-solvent interactions and solvent-induced ion-molecule reactions at the molecular level, 13, 14 including proton transfer, which is the most fundamental chemical reaction. [A-(H 2 O) n ]H + clusters may exist in two different configurations, AH + -(H 2 O) n and A-(H 2 O)H + ,whichareconnected by intracluster proton transfer. The preferred protonation site depends on the protonation affinities (PA) of the aromatic molecule and the solvent cluster, and the respective ion solvation energies. As the PA of (H 2 O) n clusters increases substantially with cluster size n (Table I) , often 3 879 ± 4 b (H 2 O) 4 913 ± 12 b BZ (S 0 )8 3 4 c BZ (ππ * )9 7 0 d a Reference 41. b Reference 16. c Reference 42. d Reference 10. intracluster proton transfer from AH + to the water solvent network occurs above a critical cluster size, n ≥ n c . 8, [14] [15] [16] [17] [18] Electronic excitation of AH + ions often has a drastic effect on the PA of A. As a consequence, excited state proton transfer to or from the solvent cluster may be triggered by electronic excitation depending on whether the PA of A decreases or increases upon electronic excitation. In addition to the energetics and chemical reactivity, also the dynamical relaxation processes of AH + may be strongly affected by solvation. For example, microhydration of protonated tryptophan increases the lifetime of the excited state from the femtosecond to the picoseconds timescale. 19 Finally, hydration may also change the preferred protonation site in AH + . While such effects have not been detected for large protonated peptides with up to 50 H 2 Om o l e c u l e s , 6 small bifunctional aromatic molecules may exhibit a switch in the protonation site from one to another functional group upon successive hydration. 20 Here we use a combined mass spectrometric, spectroscopic, and quantum chemical approach to study the protonation site and solvent structure of microhydrated clusters of protonated benzaldehyde, [BZ-(H 2 O) n ]H + in the size range n ≤ 5. Benzaldehyde (BZ) is the simplest aromatic aldehyde and its protonation occurs preferentially at the carbonylic oxygen atom (oxonium). 7, 11, 21, 22 Protonation at the aromatic ring (carbenium) is less favorable by >100 kJ/mol 11, 22 and has not been observed yet. The oxonium ion of BZH + exists as planar cis and trans isomers with C s symmetry ( Fig. 1 0.967 cw2-1 (138) tw2-1 (121) 1.035 FIG. 1 . Minimum energy structures of cis-and trans-BZH + and their most stable [BZ-(H 2 O) n ]H + isomers (n ≤ 2) calculated at the MP2/cc-pVDZ level.
Structures for (H 2 O) n with n ≤ 2 are also given for reference. Bond lengths and total binding energies are given in Å and kJ/mol, respectively. trans-BZH + is less stable than cis-BZH + by 7 kJ/mol.
whereby cis-BZH + is calculated to be more stable than trans-BZH + by ∼10 kJ/mol. 11, 21, 22 Both isomers were identified in superacids by NMR spectroscopy. 21 In the gas phase, oxonium ions of BZH + were first identified by early lowresolution UV photodissociation of mass-selected BZH + ions in an ion cyclotron resonance mass spectrometer (ICR-MS) at 300 K, 23 and their protonation site was further supported by mass spectrometry. 24 Initial spectral evidence for the preferential formation of cis-BZH + in the gas phase came from IR multiphoton dissociation in the fingerprint range measured in an ICR-MS at 300 K, 22 and vibrationally resolved electronic spectra of the S 1 ← S 0 transition (ππ * )ofcoldBZH + ions produced in a supersonic discharge expansion. 7 Definitive spectral identification of both cis-BZH + and trans-BZH + was obtained from IR photodissociation (IRPD) of BZH + and its weakly bonded BZH + -L n clusters with L = Ar and N 2 produced in an electron impact supersonic plasma expansion. 11 It was found that, although the PA of cis-BZH + is slightly larger than for trans-BZH + (by ∼10 kJ/mol), the H-bonds of ligands LtotheacidicOHgroupoftrans-BZH + are slightly less stable due to steric hindrance. Electronic spectra of the S 1 ← S 0 transition of cis-BZH + -L with L = Ar and N 2 exhibit substantial blueshifts of the S 1 origin (300 and 628 cm −1 )f r o m the corresponding monomer transition (23 470 cm −1 ), indicating that the PA of BZH + increases substantially upon S 1 (ππ * )e x c i t a t i o nl e a d i n gt ow e a k e ri n t e r m o l e c u l a rH -b o n d s to the ligands L in the excited state. Thus, the protonation site in the [BZ-(H 2 O) n ]H + clusters studied here, depends not only on the hydration size (n) but also on the electronic state (S 0,1 ). It is noted that protonation of BZ changes the character of the S 1 state from nπ * to ππ * . 7, 10 Neglecting solvation energy effects, the PA values of BZ and (H 2 O) n listed in Table I predict the excess proton in S 0 to be located on the BZ moiety for n ≤ 2andonthesolventclusterforn≥ 3, i.e. the expected critical hydration size for proton transfer to solvent in S 0 is n c = 3. On the other hand, n c will be larger in the S 1 state because of the increased PA of BZ. The large redshift in the ππ * transition of cis-BZH + upon protonation (2.95 − 4.36 =−1.41 eV) implies that the PA of BZ increases drastically (by 136 kJ/mol) upon electronic excitation. 7, 10 Thus, the PA values listed in Table I suggest that the excess proton in the ππ * state of [BZ-(H 2 O) n ]H + prefers to be attached to BZ at least up to n = 4a n dm o s tl i k e l yf o rm u c hl a r g e rn .
The current work addresses these issues experimentally and computationally by IR spectra of [BZ-(H 2 O) n ]H + recorded in the O-H stretch range (n ≤ 5) and electronic spectra of the S 1 ← S 0 transition (n ≤ 2) in the vicinity of S 1 of BZH + (23 000-27 400 cm −1 ), as well as quantum chemical calculations (n ≤ 4).
II. EXPERIMENTAL AND COMPUTATIONAL TECHNIQUES

A. IR spectroscopy
IR photodissociation (IRPD) spectra of [BZ-(H 2 O) n ]H + clusters with n ≤ 5a r eo b t a i n e di nat a n d e mq u a d r u p o l e mass spectrometer coupled to a supersonic electron impact plasma beam expansion and an octopole ion trap. 14, 25 [BZ-(H 2 O) n ]H + are generated by electron and/or chemical ionization of the expanding gas mixture and subsequent ionmolecule and clustering reactions. The expanding gas mixture is obtained by passing 5% H 2 in He at a stagnation pressure of 2-5 bars through successive reservoirs filled with benzaldehyde and water kept at room temperature. The mass spectrum of this source ( Fig. 2 )r e v e a l st h ep r e s e n c eo fB Z H + (m/z 107), 10 BZ + (m/z 106), the benzoyl cation (m/z 105), 26 and their water clusters. The BZH + /BZ + abundance ratio of ∼5i n d i c a t e se f fi c i e n tp r o t o n a t i o nu n d e rt h e s ee x p e r i m e n t a l conditions. In general, the abundance of the [BZ-(H 2 O) n ]H + clusters decreases rapidly with increasing n, indicating the sequential formation of the hydrated complexes. For example, the BZH + /[BZ-(H 2 O) n ]H + ratios in Fig. 2 are about 10 and 100 for n = 1and2,respectively.Thedesired[BZ-(H 2 O) n ]H + ions are mass selected with the first quadrupole and irradiated in the adjacent octopole with tunable radiation from a pulsed IR-OPO laser pumped by a Q-switched ns Nd:YAG laser. The IR-OPO laser is characterized by pulse energies of 5-10 mJ in the 3000-4000 cm −1 range and a bandwidth of 1 cm −1 .T h el a s e rf r e q u e n c yh a sb e e nc a l i b r a t e db yc o mparing atmospheric water absorptions along the IR laser path with the published spectrum. 27 All IRPD spectra are normalized for laser intensity variations measured with a pyroelectric detector. Resonant vibrational excitation of [BZ-(H 2 O) n ]H + exclusively leads to the evaporation of one or two water ligands. The [BZ-(H 2 O) m ]H + fragment ions generated by laser-induced dissociation (LID, denoted as n → m) are massselected using a second quadrupole and monitored as a function of the laser frequency to obtain the IRPD spectrum of the parent ions. As an example, Fig. 3 shows the mass spectra obtained by mass selecting [BZ-(H 2 O) 2 ]H + (m/z 143) with the first quadrupole and scanning the second quadrupole without laser excitation (a), with resonant IR excitation at 3730 cm −1 (b), and by adding 10 −5 mbar of N 2 collision gas into the octopole (c). The mass spectrum (a) reveals that fragmentation of the n = 2 cluster into the m = 1c h a n n e la r i sing from metastable decay is minor, indicating that the [BZ- displays additional fragmentation into m = 0a n d1a r i s i n g from collision-induced dissociation (CID). The latter spectrum also confirms the composition of the m/z 143 ion as 107 + -(H 2 O) 2 ,i nl i n ew i t h[ B Z -( H 2 O) 2 ]H + .T h em i n o rc o ntribution of fragment ions produced by metastable decay is separated from the desired LID signal by triggering the ion source at twice the laser frequency (10 Hz) and subtracting signals from alternating triggers. All IRPD spectra obtained for n = 1-5 are compared in Fig. 4 .Thewidthsofthenarrowest transitions are ∼15 cm −1 and result from a combination of unresolved rotational substructure, possible contribution of several isomers, and thermal broadening due to sequence hot band transitions. The latter arises from the fact that the IR photon energy (<45 kJ/mol) is smaller than the ligand binding energies (at least for small n). As the moderate available laser intensity merely allows for single-photon IRPD processes, 9, 14 only cluster ions with a certain amount of initial internal energy may be detected in the IRPD spectra.
B. Electronic spectroscopy
Electronic photodissociation spectra of mass-selected [BZ-(H 2 O n )]H + ions with n ≤ 2a r er e c o r d e di nar eflectron time-of-flight mass spectrometer (ReTOF-MS). 4, 7 [BZ-(H 2 O) n ]H + clusters are generated in a pulsed highvoltage electrical discharge source coupled to a pulsed nozzle with 200 µmd i a m e t e r .T h ed i s c h a r g ei sp r o d u c e d2m m downstream from the nozzle orifice between two electrodes. The expanding gas mixture is obtained by passing 50% H 2 in He at a backing pressure of 4 bars through reservoirs filled with benzaldehyde and water at room temperature. The mass spectrum of this discharge source ( LID of the ions is carried out in a 2 cm long interaction region located just before the reflectron mirror. The employed VIS-OPO laser is pumped by a Q-switched ns Nd:YAG laser operating at 10 Hz and produces tunable radiation between 385 and 670 nm with a pulse energy of 1-15 mJ at a bandwidth of 5cm −1 .Thelaserbeamisfocusedtoabout1mm 2 when interacting with the ion beam. Even at the minimal laser power required to detect the LID signal, its laser power dependence indicates some saturation (power dependence around I 0.5 ). The ReTOF-MS is set to detect neutral fragments on the first detector located behind the reflectron mirror, whereas all ions (parents and fragments) are repelled to the second detector. The LID spectrum is obtained by monitoring the neutral fragments as a function of the laser frequency. Neutral fragments produced by CID in the field-free region of the ReTOF-MS are discriminated from those produced by LID by accelerating the parent ions to 2 kV in the interaction region. As neutral LID fragments have the same kinetic energy as the parent ions, they are faster than those produced by CID in the fieldfree region and arrive earlier at the detector. As the interaction region is short compared to the field-free region, the CID fragments produced in the former region can be neglected.
C. Computational techniques
Quantum chemical calculations at the B3LYP/6-311++G(d,p) and MP2/cc-pVDZ levels are carried out using GAUSSIAN09, 28 to characterize the intermolecular potential energy surface, including the structures, energies, and vibrational properties of the various conformations of [BZ-(H 2 O) n ]H + in their ground electronic state (S 0 ). All coordinates are relaxed during the search for stationary points, and the identification of minima is ensured by harmonic vibrational frequency analysis. All binding energies are corrected for unscaled zero-point vibrational energies and basis set superposition error. Harmonic frequencies obtained at the B3LYP level are scaled by a factor of 0.9578 to optimize the agreement between calculated and reported O-H stretch frequencies of bare H 2 O( ν 1 = 3657 cm −1 , ν 3 = 3756 cm −1 ). 29 The charge distribution is evaluated by a natural bond orbital (NBO) analysis.
Additional calculations are performed at the ri-CC2/augcc-pVDZ level using TURBOMOLE 6.1 to probe the properties of the S 1 (ππ * )e x c i t e ds t a t ea n dt os i m u l a t ev i b r o n i c S 1 ← S 0 spectra. 30 Adiabatic S 1 excitation energies are corrected for zero point energy (ZPE). Multidimensional Franck-Condon simulations of S 1 ← S 0 spectra are carried out using PGOPHER and harmonic vibrational frequencies obtained at the ri-CC2/aug-cc-pVDZ level for both electronic states. 31 This procedure yielded vibronic S 1 ← S 0 spectra for BZH + -LdimerswithL= Ar and N 2 in quantitative agreement with their measured spectra. 10
III. RESULTS AND DISCUSSION
A. [BZ-H 2 O]H + dimer (n = 1)
An extensive search on the [BZ-H 2 O]H + potential at the MP2 level resulted in several low-energy minima for the cis-BZH + and trans-BZH + isomers, denoted cw1-x and tw1-x and shown in Figs. 1 and S1 in the supplementary material for x ≤ 6. 45 All of them have the excess proton localized on the BZH + moiety. In line with previous calculations, 7, 11, 21, 22 cis-BZH + is calculated to be 7 kJ/mol more stable than trans-BZH + .ThemoststableBZH + -H 2 Odimerscorrespondtothe H-bonded isomers, cw1-1 and tw1-1, with C s symmetry and nearly linear O-H···OH -b o n d sb e t w e e nt h eO Hp r o t o no f BZH + and the oxygen atom of H 2 O. The global minimum, cw1-1, is characterized by a H-bond length of 1.48 Å and a binding energy of 85 kJ/mol. Clearly, the charge is mostly localized on the cis-BZH + moiety, with only a minor charge transfer of 72 me to the H 2 Ol i g a n d( F i g .S 2i nt h es u pplementary material). 45 In the slightly less stable local minimum, tw1-1, H 2 Obindstotrans-BZH + with a longer H-bond (1.54 Å) and a lower binding energy of 76 kJ/mol. Similar to the Ar and N 2 complexes, 10 the deviation of the H-bond from linearity in tw1-1 (169 • )islargerthanforcw1-1(175 • ) due to steric hindrance arising from repulsion with the CH hydrogen atom in ortho position. In the significantly less stable isomers, cw1-2 and tw1-2 ( Fig. S1 in the supplementary material), 45 the H 2 Ol i g a n di n t e r a c t si nb i f u r c a t e dC -H ···O H-bonds with the protons of the aromatic C-H group in ortho position and the methine C-H group (41 kJ/mol). Further less stable local minima (cw1-x/tw1-x with x = 3-6, Fig. S1 in the supplementary material) 45 feature weak bifurcated C-H···OH -b o n d sb e t w e e nt w oa d j a c e n ta r o m a t i cC -H groups of BZH + and H 2 O( 2 4 -2 8k J / m o l ) ,a sw a so b s e r v e d in the benzene + -H 2 Oca tio n . 18, 32, 33 Other conceivable structures, in which H 2 Obindstothearomaticπ electron system of the BZH + ring, are not identified as local minima. All efforts to locate π -bonded minima 32, 34 converged to either the cw1-1 or tw1-1 minima, indicating that there is no (or only al o w )b a r r i e rf o rπ → OH isomerization. As the O-H···O H-bonded structures cw1-1 and tw1-1 are substantially more stable (>35 kJ/mol) than all other local minima, they are expected to be the dominant carriers of the measured IRPD spectrum. The population of the higher-lying local minima in the molecular beam is expected to be negligible and thus not considered further. This procedure is also justified by the analysis of the measured IRPD spectrum outlined below.
No stable H 3 O + -BZ structure with an O-H. . . O Hbonded configuration has been found on the potential energy surface, in line with the much higher PA of BZ, which exceeds the one of H 2 Oby144kJ/mol(T ableI). All H-bonded H 3 O + -BZ geometries optimize to BZH + -H 2 Ostructuresindicating that the potential for intracluster proton transfer along the O-H. . . O coordinate is barrierless. Interestingly, there is a stable high-energy π -bonded H 3 O + -BZ isomer, in which the hydronium ion forms a π H-bond to the aromatic π -electron system of BZ ( Fig. S3 in the supplementary material). 45 Such structures have previously been predicted 35 and spectroscopically observed 36 for complexes between H 3 O + and benzene, as well as for H 5 O 2 + -naphthalene. 8 The H 3 O + -BZ(π )i s omer is 130 kJ/mol higher in energy than the cw1-1 isomer of cis-
Thus, the formation of H 3 O + -BZ(π )inthesupersonicplasma expansion is not expected and this scenario is confirmed by the IR spectra analyzed below. Hence, we do not consider the π -bonded H 3 O + -BZ(π )i s o m e ra n di t sl a r g e rw a t e ra d d u c t s in detail further.
The IRPD spectrum of [BZ-H 2 O]H + monitored in the H 2 OlosschannelisshowninFig.5,andthepositions,widths, and suggested vibrational and isomer assignments are listed in Table II (Table III) 
a Only assignments to cis isomers are listed. It is likely that some signal arises from the less stable trans isomers.
from the bare H 2 Ot r a n s i t i o n sa tν 1 = 3657 and ν 3 = 3756 cm −1 (indicated by dashed lines in Fig. 5 )a r es i milar to those previously observed for A(H) + -H 2 Oc o m p l e x e s of related aromatic cations. 15, [32] [33] [34] 37 Moreover, they compare favorably with the values of ν 1 =−22 and −38 cm −1 and ν 3 =− 34 and −51 cm −1 predicted for cw1-1 and tw1-1, respectively ( Fig. 5 and Table III) . These redshifts reflect the slight elongation of the O-H bonds of H 2 OuponH-bonding to the BZH + cation ( r OH = 5m Å ) .T h eI Rs p e c t r ac a l c ulated for cw1-1 and tw1-1 in the free O-H stretch range are similar and within experimental resolution compatible with the measured IRPD spectrum (Fig. 5) . The large widths of ∼30 cm −1 (FWHM) for the bands in the measured spectrum do not allow for a distinction between cis-BZH + -H 2 Oa n d trans-BZH + -H 2 O. Hence, the observed bands are assigned to overlapping transitions of both cw1-1 and tw1-1, based on the previous observation of both isomers in BZH + -L n clusters with L = Ar and N 2 generated in the same ion source, 11 and the similar stabilities of both monomers (PA) and their H-bond energies to H 2 O. However, in line with previous conclusions, the more stable cis isomers are expected to dominate the population of both the BZH + and BZH + -H 2 Oi o n s . The free O-H stretch fundamental of isolated cis/trans-BZH + has been inferred as ν OH =∼3555/3525 cm −1 . 11 No signal is detected in this spectral range for [BZ-H 2 O]H + ,c o n fi r m i n g that H 2 OisindeedH-bondedtotheOHgroupofBZH + and not to any other binding site, i.e. the presence of any of the cw1-x and tw1-x isomers with x = 2-6 can be excluded. The strong H-bond leads to a large O-H bond elongation in BZH + ( r OH ∼ 50 Å), accompanied by large redshifts of ν OH =−857 and −735 cm −1 and substantial enhancements in the IR intensities (factors of 9 and 15) predicted for cw1-1 and tw1-1, respectively (Table III) . Thus, the intense ν OH transitions of these isomers predicted at 2730/2817 cm −1 oc- 45 indicates that the latter does not contribute to the observed spectrum and its abundance is below the detection limit. The dissociation energies calculated for cis/trans-BZH + -H 2 O(85and76kJ/molforcw1-1andtw1-1)aresignificantly larger than the IR photon energies employed for IRPD (hν < 50 kJ/mol). As the low photon flux achieved by the employed IR laser allows only for single-photon absorption, 9, 14 dissociation of the clusters cannot occur from their ground vibrational state but only from vibrationally excited states. Thus, a large part of the widths of the bands arises from cross anharmonicities of the excited sequence hot band transitions giving rise to the signals observed in the IRPD spectrum.
The electronic photofragmentation spectrum of [BZ-(H 2 O)]H + recorded in the vicinity of the S 1 origin of BZH + is compared in Fig. 6 to the vibronic S 1 ← S 0 spectrum of bare BZH + recorded previously in the same setup. 7 The S 1 origin observed for BZH + at 23 470 cm −1 was assigned to the lowest ππ * transition of the cis-BZH + isomer by comparison to ri-CC2/aug-cc-pVDZ calculations (23 768 cm −1 ). 10 The corresponding S 1 origin of the less abundant trans-BZH + isomer is predicted at much higher energy, around 0.2 eV (1467 cm −1 )a b o v eth eS 1 origin of cis-BZH + .I n t e restingly, the lowest singlet state in neutral BZ corresponds to nπ * excitation at 26 918 cm −1 (S 1 ), 38 while the lowest ππ * excitation occurs at much higher energy (35 191 cm −1 , S 2 ). 39 However, protonation of BZ stabilizes the n orbital by ∼10 eV, so that the ππ * state at 23 470 cm −1 becomes the S 1 state in BZH + . 7 The large redshift of the ππ * state (11 721 cm −1 )u p o np r o t o n a t i o no fB Zr e fl e c t sd i r e c t l yt h e increase of the PA of cis-BZH + upon electronic excitation. By comparison with the BZH + spectrum, the first vibronic band observed in the [BZ-H 2 O]H + spectrum at 25 576 cm −1 is assigned to the S 1 origin of cis-BZH + -H 2 O( c w 1 -1 ) .N o signal was detected to the red of this S 1 origin (down to 23 450 cm −1 ). A few low-frequency vibrations are resolved before the spectrum becomes severely congested toward higher energies (>25 750 cm −1 ), with a continuous background that could not be suppressed. Possible explanations for the background include the presence of hot ions together with cold ions in the volume probed by the laser and saturation effects (Sec. II B). Unfortunately, it was impossible to obtain sufficient LID signal by keeping the laser power dependence in the linear regime. As a consequence, weakly Franck-Condon allowed transitions may be excited and contribute to spectral congestion. Although the possibility of the simultaneous formation of several isomers cannot be ruled out completely, the IRPD spectra suggest the contribution of only the cw1-1 isomer in this spectral range. In particular, the S 1 origin of tw1-1 is predicted at significantly higher energy.
The S 1 origin observed for cis-BZH + -H 2 Oi ss u b s t a ntially blueshifted compared to bare cis-BZH + .T h es p e c t r a l shift of S 1 = 2106 cm −1 corresponds directly to the change in intermolecular binding energy upon electronic excitation, i.e. the H-bond in cis-BZH + -H 2 OislessstableintheS 1 state by 2106 cm −1 (25.2 kJ/mol) compared to the ground state. Assuming the calculated binding energy of 85.2 kJ/mol in S 0 , excitation into the S 1 state reduces the H-bond strength by 30%. Similar but smaller S 1 blueshifts of 300 and 628 cm −1 are observed for cis-BZH + -L dimers with L = Ar and N 2 . 10 Table IV and Fig. 7 compare the S 1 shifts measured for cis-BZH + -L with those predicted at the ri-CC2/aug-cc-pVDZ level. The good agreement between experimental and calculated shifts confirms the given isomer assignments. Moreover, the S 1 shifts show a strong correlation with the proton TABLE IV. Vertical and adiabatic transition energies for S 1 ← S 0 (ππ * )e x c i t a t i o n( E vert/ad in cm −1 )o f cis-BZH + -L n clusters and oscillator strength calculated at the ri-CC2/aug-cc-pVDZ level compared to experimental values (in cm −1 7 . Experimental and calculated S 1 shifts of cis-BZH + -L n as a function of the proton affinity of L n .C a l c u l a t e dv a l u e sa r eo b t a i n e da tt h e ri-CC2/aug-cc-pVDZ level (Table IV) .
affinity of the ligand. The weaker H-bonds in the S 1 states of the BZH + -L dimers result from a substantial increase in the PA of BZ upon electronic excitation, i.e. the OH group in BZH + is much less acidic in S 1 as compared to S 0 .
The ri-CC2 calculations provide further insight into the impact of S 1 excitation on the structural, vibrational, and electronic properties of cis-BZH + -H 2 O. The predicted S 1 origin at 25 797 cm −1 and S 1 blueshift of 2029 cm −1 agree well the measured values (25 576 and 2106 cm −1 ). The S 1 ← S 0 transition has 95% HOMO-LUMO character (ππ * )andthecorresponding molecular orbitals are depicted in Fig. S4 in the supplementary material. 45 As for cis-BZH + , 10 the HOMO (π )is mostly localized on the aromatic ring, while the LUMO (π * ) is distributed also over the protonated formyl group. Hence, the S 1 ← S 0 transition has intramolecular charge transfer character, and an overall electron density of 0.35 e is transferred from the aromatic ring to the CHOH group, 7 giving rise to the reduction in the H-bond interaction.
The structural parameters of cw1-1 in the S 0 and S 1 state are summarized in Fig. S5 in the supplementary material. 45 The complex has in both electronic states a cis-BZH + -H 2 O configuration. As the intermolecular bond is weaker in the S 1 state, the H-bond to H 2 Oe l o n g a t e sb y1 1 2m Åa n dt h e intramolecular O-H bond of cis-BZH + contracts by 25 mÅ. S 1 excitation also changes the geometry of the aromatic ring from a regular hexagon to a more quinoidal-like structure. Because the LUMO (π * )o r b i t a li sa l s op a r t l yl o c a l i z e do nt h e protonated formyl group, S 1 excitation has a drastic effect on its geometry, with large elongations of the C-O (52 mÅ) and C-C bonds (35 mÅ) and large changes in the bond angles (up to 3 • )inducedbychangesinthehyperconjugation.
The structural modifications upon S 1 excitation of cw1-1 translate directly into changes in the vibrational frequencies and lead to excitation of the corresponding Franck-Condon (FC) active modes in the vibronic S 1 ← S 0 spectrum. The harmonic vibrational frequencies and normal coordinates obtained for the S 0 and S 1 states at the ri-CC2/aug-cc-pVDZ level ( Table T1 in the supplementary material) 45 are employed in FC simulations of the S 1 ← S 0 vibronic spectrum of the cw1-1 isomer, in order to assign vibrational transitions observed in the measured spectrum of BZH + -H 2 O( F i g .8).
The six intermolecular modes are the intermolecular stretch (σ ), the in-plane and out-of-plane bends (β ′ , β ′′ )a n dw a g s (Table V) . The energy scale is relative to the S 1 ← S 0 origin band. The simulated spectrum is convoluted with a Gaussian line shape with a FWHM of 6 cm −1 . Progressions in the intermolecular inplane bending frequency (β ′ ) are indicated. To facilitate convenient comparison with the calculated spectrum, the rising background of the measured spectrum was subtracted ( Fig. 6 ).
(γ ′ , γ ′′ ), and the torsion (τ ). The numbering of the 39 intramolecular modes (27a ′ + 12a ′′ ) of cis-BZH + follows the Mulliken notation applied to the S 0 frequencies. Owing to the weaker H-bond in the excited state, σ decreases drastically from 377 cm −1 in S 0 to 283 cm −1 in S 1 . Initial simulations reveal that -as expected for a planar complexonly the three in-plane intermolecular modes (β ′ , γ ′ , σ )a r e relevant. In addition, the low-frequency intramolecular inplane mode ν 26 predicted at 432 cm −1 has high FC activity, as this mode describes the large angular deformation of the protonated formyl group upon S 1 excitation. Progressions in ν 26 are also observed in the S 1 spectra of cis-BZH + and its complexes with Ar and N 2 . 7, 10 The spectrum simulated for T = 0Ku s i n gac o n v o l u t i o nw i d t ho f6c m −1 compares favorably with the measured spectrum and allows for an assignment of the observed vibronic transitions (Table V and Fig. 8 ). Moreover, this good correspondence strongly supports the given isomer assignment of the experimental spectrum to cw1-1. Particularly striking are the long β ′ progressions (up to three quanta) in combination with the S 1 origin and other fundamentals. The σ value measured for cis-BZH + -H 2 O(275cm −1 )ismuchhigherthanthoseofcis-BZH + -L with L = Ar (60 cm −1 )andN 2 (94 cm −1 ), 10 due to its much stronger H-bond and the lighter mass of the ligand. FC simulations conducted for variable temperatures in steps of 10 K suggest a vibrational temperature of less than 50 K for the cold population of BZH + -H 2 Oi o n si nt h em o l e c u l a r beam from the absence of any distinct hot band transition to the red of the S 1 origin in the measured spectrum. The HOMO and LUMO orbitals of cis-BZH + -H 2 Oaresimilartothoseof cis-BZH + (Fig. S4 ) consistent with the minor impact of H 2 O on the orbitals localized on the aromatic molecule.
B. [BZ-(H 2 O) 2 ]H + trimer (n = 2)
Further hydration of BZH + -H 2 Ot of o r mt h eB Z H + -(H 2 O) 2 trimer may occur either by interior ion hydration via the separate attachment of two individual H 2 Oligandstothe BZH + ion core at two different binding sites or by the attachment of a H-bonded (H 2 O) 2 dimer to BZH + . 14, 17, 18 The latter scenario corresponds to the onset for the formation of an H-bonded solvent network. The global minimum structure corresponds to the cis-BZH + -(H 2 O) 2 structure, cw2-1, in which a H-bonded (H 2 O) 2 dimer binds to the OH proton of cis-BZH + in a linear fashion (Fig. 1) . The total interaction energy amounts to 138 kJ/mol. Both intermolecular bonds in cw2-1 are substantially stronger and shorter (1.296 and 1.610 Å) than those in the respective cis-BZH + -H 2 Oa n d (H 2 O) 2 dimer units (1.484 and 1.944 Å), indicating large and constructive three-body effects in this charged H-bonded network. 14, 18 Again, the corresponding trans-BZH + -(H 2 O) 2 isomer, tw2-1, is somewhat less stable (121 kJ/mol) with correspondingly longer H-bonds (1.324 and 1.615 Å). As a consequence of the stronger intermolecular H-bonds, the intramolecular O-H bond in BZH + is lengthened by 93 and 85 mÅ in cw2-1 and tw2-1, respectively, upon attachment of the second H 2 Ol i g a n d . The IRPD spectrum of [BZ-(H 2 O) 2 ]H + recorded in the water loss channel is presented in Fig. 9 ,a n dt h ep o s i t i o n s , widths, and suggested vibrational assignments are listed in Table II .T h es p e c t r u me x h i b i t st h r e et r a n s i t i o n si nt h ef r e e O-H stretch range (A-C) and a considerably redshifted broad absorption (D) in the 3000-3400 cm −1 range. The bands B and A at 3640 and 3730 cm −1 are assigned to free ν 1 and ν 3 modes of the terminal H 2 Ol i g a n di nB Z H + -(H 2 O) 2 clusters as shown in Fig. 1.T 14, 17, 18 The structural changes induced by addition of the second water molecule translate directly into the IR spectral properties of BZH + -(H 2 O) 2 .T h eb o u n dO -Hs t r e t c hf r e q u e n c i e so fB Z H + in cw2-1 (2232 cm −1 )andtw2-1(2136cm −1 )arestronglyredshifted due to strong H-bonds between BZH + and (H 2 O) 2 . These values are much lower than for BZH + -H 2 O(2730and 2817 cm −1 ), confirming the increased proton shift toward the solvent upon attachment of the second H 2 Ol i g a n d .I na ddition, the bound O-H stretch frequency of the (H 2 O) 2 unit in cw2-2 and tw2-2, ν b = 3217 and 3203 cm −1 , is significantly lower than the one calculated for bare (H 2 O) 2 , ν b = 3550 cm −1 ,w h i c hi sac l e a rs i g no ft h ee n h a n c e dHbond strength in the solvent cluster upon attachment of BZH + .A sf o rt h ed i m e r ,t h eI Rs p e c t r ao ft h ec w 2 -1a n d tw2-1 trimer isomers are similar, and the measured IRPD (Table III) . (Table III) The IRPD spectra of [BZ-(H 2 O) 3 ]H + recorded in the one and two water loss channels (denoted 3 → 2and3→ 1) are shown in Fig. 11 ,a n dt h ep o s i t i o n s ,w i d t h s ,a n ds u g g e s t e d vibrational assignments are listed in Table II .T h e3→ 2 spectrum displays two sharper bands A and B at 3728 and 3643 cm −1 in the free O-H stretch range, which are assigned to ν 3 and ν 1 modes of H 2 O ligands in [BZ-(H 2 O) 3 ]H + that are merely proton acceptors in the H-bonded network. Their blueshifts of ν 1/3 = 18/19 cm −1 compared to [BZ-H 2 O]H + and redshifts of ν 1/3 =− 14/−28 cm −1 compared to bare H 2 OconfirmthatbothO-Hbondsarefree.Thus,thesetransitions are consistent with the global minimum, cw3-1, which has four essentially equivalent free OH groups of the two terminal H 2 Ol i g a n d s ,w i t hc a l c u l a t e dν 3 and ν 1 frequencies of 3742 and 3651 cm −1 ,r e s p e c t i v e l y .T h eO -Hs t r e t c hf r equencies of the three strongly H-bonded OH groups of the H 3 O + ion of cw3-1 are predicted to be below 3100 cm −1 and thus outside the investigated spectral range (Table III) . The broad intense transition centered near 3320 cm −1 in the IRPD spectrum is indicative of a bound O-H stretch (ν b )o f H-bonded H 2 Ol i g a n d s .T h u s ,t h i sb a n dc a n n o tb er a t i o n a lized by the cw3-1 global minimum structure but is indicative of isomers which contain neutral (H 2 O) 2 dimer (or H 2 O-BZ) units, such as cw3-2. The presence of both cw3-1 and cw3-2 isomers in the beam is strongly indicated by the 3 → 1s p e c t r u m .I ti sd i f f e r e n ti na p p e a r a n c ef r o mt h e3→ 2s p e c t r u ma n de x h i b i t st h r e er a t h e rt h a nt w od i s t i n c tt r a nsitions in the free O-H stretch range. Two of them at 3723 and 3640 cm −1 are observed at similar positions as those in the 3 → 2s p e c t r u ma n da s s i g n e dt oν 3 band near 3350 cm −1 ,t h e3 6 8 6c m −1 transition provides a further spectroscopic fingerprint of the cw3-2 isomer. Indeed the observed position of the latter band matches well the two frequencies of 3697 and 3719 cm −1 calculated for ν f transitions of cw3-2. The broad band near ∼3350 cm −1 is slightly blueshifted and more intense than the corresponding transition in the 3 → 2s p e c t r u m .I nb o t hc a s e s ,t h i st r a n s i t i o ni s attributed to the ν b mode of the cw3-2 isomer calculated as 3364 cm −1 .Theν 3 and ν 1 modes of cw3-1 and cw3-2 overlap in both spectra. In conclusion, the two [BZ-(H 2 O) 3 ]H + spectra monitored in the one and two water loss channels (3 → 2 and 3 → 1) are explained by the two most stable isomers identified, cw3-1 and cw3-2, whereby the contribution of the cw3-2 isomer to the 3 → 1s p e c t r u mi se n h a n c e d .T h i so bservation may be rationalized by the possible loss of an intact (H 2 O) 2 dimer from cw3-2 by breaking only a single H-bond. Loss of two H 2 Olig andsfromcw3-1requirestheruptureof two strong H-bonds and is thus energetically less favorable. No loss of neutral BZ ligands is observed upon IRPD and CID, suggesting that the H-bond energy of H 3 O + to BZ is stronger than those to H 2 Oa n d( H 2 O) 2 ,r e s p e c t i v e l y ,i nl i n e with the intermolecular bond distances of cw3-1 and cw3-2 in Fig. 10 .
Significantly, the measured IRPD spectra of [BZ-(H 2 O) 3 ]H + are not compatible with any spectra calculated for BZH + -(H 2 O) 3 type isomers, in which the excess proton is localized on the aromatic molecule (see Fig. 11 for the cw3- Significantly, ππ * excitation of the most stable cw3-1 isomer of [BZ-(H 2 O) 3 ]H + ,whichhasaBZ-(H 2 O) 3 H + structure, leads to an electronically excited state, in which the proton is transferred back from the (H 2 O) 3 H + solvent to the BZ solute, i.e. it has a BZH + -(H 2 O) 3 type structure (Fig. S6 in the supplementary material). 45 This is readily rationalized by the largely enhanced PA of BZ in the ππ * excited state. Geometry optimization starting from vertical excitations indicate barrierless proton transfer along the O-H···Oc o o r d i n a t eo f cw3-1 in the ππ * state, with a potential energy release of E vert -E ad = 5182 cm −1 (Table IV) . The origin transition is predicted at 28 552 cm 
D. [BZ-(H 2 O) 4 ]H + pentamer (n = 4)
Selected stable geometries of the [BZ-(H 2 O) 4 ]H + pentamer are presented in Fig. 12 ,a l o n gw i t ht h e i rt o t a lb i n ding energies and relevant geometrical parameters. The excess proton is expected to be attached to the water solvent network in S 0 ,becausethePAof(H 2 O) 4 is 79 kJ/mol higher than 1.502 that of BZ (Table I) 3 ]H + mass channel compared to linear IR absorption stick spectra of the cw4-x (x = 1-4) isomers ( Fig. 12 ) obtained at the B3LYP/6-311++G(d,p) level (Table III) 3 ]H + mass channel is presented in Fig. 13 .Noresonances are observed by monitoring the loss of BZ, suggesting that the bond to BZ is stronger than the weakest bond to H 2 O, which is consistent with the bond lengths for all isomers in Fig. 12 .Thepositionsoftheobservedtransitionsalongwith their widths and suggested vibrational assignments are listed in Table II .T r a n s i t i o n sBa n dAo b s e r v e da t3 6 4 7a n d3 7 3 3 cm −1 are assigned to ν 1 and ν 3 of terminal H 2 Oligands.Transition C at 3647 cm −1 is attributed to free O-H stretch modes (ν f )ofaH 2 Oligandand/orH 3 4 H + structure in S 0 leads to an excited state structure, in which the proton is transferred back in a barrierless reaction to the BZ solute, BZH + -(H 2 O) 4 (Fig. S6 in the supplementary material) . 45 The origin transition at 29 462 cm −1 is shifted to the blue by 910 cm −1 from the value obtained for cw3-1.
IV. FURTHER DISCUSSION
The IRPD spectra and the calculations provide a clear picture about the structure of the [BZ-(H 2 O) n ]H + complexes.
In particular, the protonation site in the ground and ππ * excited states are fully consistent with the PA values listed in Table I (Fig. S7 in the supplementary material). 45 One has to bare in mind that the PA values can only provide a rough guide for the preferred protonation site because of the importance of solvation energy which may switch the protonation site (as in [benzene-H 2 O]H + ), 35, 36, 40 and also the fact that the topology of the H 2 Osolventnetworkmaychangeuponaddingthe BZ moiety. Both aspects appear to be minor issues for the [BZ-(H 2 O) n ]H + clusters. According to the PA in the S 0 state, the [BZ-(H 2 O) n ]H + complexes have a BZH + -(H 2 O) n geometry for n ≤ 2a n daB Z -( H 2 O) n H + structure for n ≥ 3, i.e. the critical value for (barrierless) ground-state proton transfer to the solvent occurs at the critical hydration size n c = 3. In the S 1 (ππ * )e x c i t e ds t a t e ,t h eP Ao fB Zi ss oh i g h ,t h a ta l l [BZ-(H 2 O) n ]H + clusters have the BZH + -(H 2 O) n structure for n ≤ 4. It is unclear, whether the increase in the PA of (H 2 O) n clusters with n will eventually promote proton transfer from BZH + to the solvent also in the ππ * state in the limit n →∞ (Fig. S7 in the supplementary material). 45 The monotonic shift of the proton from BZ to (H 2 O) n is nicely visible in the calculated bond lengths of the asymmetric O···H···Obridge between both moieties in [BZ-(H 2 O) n ]H + (Fig. S8 in the supplementary material). 45 In the S 0 state, the intramolecular O-H bond of BZH + is elongated for n ≤ 2a n dt r a n s f o r m s into an intermolecular bond after the proton transfer (n c = 3), which is further elongated as n increases. At the same time, the second bond of the O···H···Op r o t o nb r i d g es h o w st h e opposite trend. In the S 1 state, the same trend is observed with the exception of the lack of proton transfer in the studied size range. The calculations indicate the O···H···O bridge is so short and strong that the proton can transfer without any significant barrier. Inspection of the IRPD spectra in Fig. 4 reveals that the free O-H stretch frequencies of the terminal and other H 2 O ligands (A-C) shift to the blue as n increases. This trend is actually independent of the exact position of the proton and consistent with increasing delocalization of the excess proton, which destabilizes the H-bonds of the solvent network as n increases. Significantly, no free OH band of BZH + is observed in any of the spectra, demonstrating the H-bonded solvent cluster binds to the OH proton of BZH + . Figure 14 shows the calculated adiabatic energies E ad for the ππ * transitions of [BZ-(H 2 O) n ]H + as a function of the number of solvent molecules for the isomers cis-BZH + ,cw1-1, cw2-1, cw3-1, and cw4-2 (Table IV) . In general, the calculated energies are in excellent agreement with available experimental data, suggesting that the ri-CC2/aug-cc-pVDZ level reliably describes the electronic structure in these clusters. As ni n c r e a s e s ,E ad increases roughly linearly with n and converges toward the value of neutral BZ. This result is expected for larger cluster structures, in which BZ is located on the surface of BZ-(H 2 O) n H + with the charge increasingly delocalized over the solvent cluster as n increases. The IR spectra are consistent with a proton transfer to the solvent for n ≥ 3 in the S 0 state, in line with the calculations and the PA values listed in Table I .Ho we v er ,duetothemuchhigherP AofBZ in the ππ * state, cluster structures of [cis-BZ-(H 2 O) n ]H + are expected to have the cis-BZH + -(H 2 O) n form in the size range investigated (Fig. S7 in the supplementary material) . 45 This means that for BZ-(H 2 O) n H + with n ≥ 3, electronic ππ * excitation should result in a proton transfer from the solvent to the BZ solute ( Fig. S6 in the supplementary material). 45 The prediction of E ad = 26 948 cm −1 and E vert = 30 725 cm −1 for the ππ * transition of cis-BZH + -(H 2 O) 2 (Table IV and 
V. C O N C L U D I N G R E M A R K S
Vibrational and electronic spectra of protonated microhydrates of benzaldehyde, [BZ-(H 2 O) n ]H + ,recordedbyresonance photofragmentation spectroscopy are analyzed using quantum chemical calculations in order to determine the protonation site and solvent structure in the ground and ππ * excited electronic states. All clusters have structures in which aH -b o n d e ds o l v e n tn e t w o r ki sa t t a c h e dt oB Z ( H ) + ,w h i c h binds to the surface of the cluster. In the ground state, the excess proton is attached to BZ for n ≤ 2a n di st r a n s f e r r e d to the (H 2 O) n solvent cluster for microhydration sizes larger than n c = 3. In the ππ * state, the proton remains with BZ in the size range investigated (n ≤ 4). All observations are in line with the proton affinities for (H 2 O) n and BZ in the ground and ππ * state, indicating that effects of solvation energies on the location of the proton in these clusters play only aminorrole.Forclusterswithn≥ 3, the proton is transferred from the (H 2 O) n solvent to the BZ solute moiety upon ππ * excitation. The dynamics of this interesting process may be probed in the future by time-resolved spectroscopy. The electronic spectra of [BZ-(H 2 O) n ]H + show roughly linear blue shifts as a function of microhydration and converge toward the value of neutral BZ. This trend is relatively independent of the position of the proton in the ground and ππ * excited states and merely reflect the increasing proton affinity of the (H 2 O) n clusters with size, which shifts the excess proton in both states from BZH + to the solvent so that the charge on the aromatic molecule is more and more reduced. The highly interesting behaviour of proton transfer in the ground state as a function of microhydration and proton back transfer upon ππ * excitation is related to the low proton affinity of BZ in the ground state and high proton affinity in the excited state. Usually, for large microhydrated biomolecules such as peptides with up to 50 H 2 Oligands,sucheffectsarenotobserved, 6 as the ground state proton affinities are typically much larger than those of (H 2 O) n clusters. Moreover, the proton is mostly attached to amino groups far away from the aromatic chromophore(s) so that electronic excitation has essentially no impact on the proton affinity. In general, the IR spectra of [BZ-(H 2 O) n ]H + converge to those of (H 2 O) n+1 H + for large n, indicating that BZ is preferentially solvated on the surface of a protonated water cluster. 44 
